The marked increase of pulmonary ventilation during exercise is caused primarily by the more rapid formation of carbon dioxide, which causes an increased tension of this gas in the blood and alveolar air. Douglas and Haldane (1) showed that if the exercise were not too strenuous the increase in pulmonary ventilation and the increase in alveolar carbon dioxide tension bore approximately the same relation to each other as when the ventilation was increased by the addition of carbon dioxide to the respired air. Thus, according to Haldane (2) the hyperpnea of mild or moderate exercise can be attributed solely to the increased tension of carbon dioxide. When the exercise is more strenuous, the pulmonary ventilation increases out of proportion to the increase of alveolar carbon dioxide tension. Under these circumstances some factor, or factors, additional to the carbon dioxide tension contributes to produce the hyperpnea. One of these contributory factors is the excessive formation of lactic acid in the exercising muscles. Its accumulation produces a lactic acid acidosis; and during strenuous exercise lactic acid salts escape into the blood and urine. A second cause of excessive hyperpnea during moderate and strenuous exercise is oxygen want, for Briggs (3) showed that oxygen inhalations lessen the hyperpnea, at least in individuals who are not in excellent physical condition. Since removal of the lactic acid formed during exercise is an oxidative process, the inhalation of oxygen during exercise might influence the pulmonary ventilation through lessening the accumulation of lactic acid in the muscles and in the body at large. In the following 317 investigation the subjects performed measured exercises and the effect of breathing oxygen-enriched air upon the lactic acid content of blood and urine was studied.
Method. Exercise was performed on a treadmill, the steps of which were 7 inches high. This treadmill was driven by an electric motor acting through a worm gear. The rate was such that approximately 85 to 90 steps were ascended per minute. This rate varied slightly from day to day. Also the rate became slightly more rapid as the exercise proceeded. In each experiment the number of steps ascended was counted each minute so that the effect of slight variations in rate could be estimated. While the rate of climbing the treadmill remained approximately constant, the amount of work performed was varied either by altering the duration of the exercise or by having the subject carry a load of 30 or 45 pounds.
During the exercise the subject breathed through a rubber mouthpiece, with the nose closed by a clip. Flutter valves directed the expired air to a series of Douglas bags. Minute collections were made, and the minute volumes later determined by passing the air from the bags through a gas meter. The intake tube was connected either with outside air or with a tank containing either pure oxygen or a mixture of outside air and oxygen (approximately 40 per cent oxygen).
Urine was collected for a period of one-half to one hour before the exercise, and for a period of approximately one hour after the exercise. Blood was drawn from the arm vein immediately before the exercise and again at about four minutes after the exercise. The concentration of lactic acid and related bodies in each specimen of blood and urine was determined by the method of Clausen (4) using permanganate oxidation as recommended by Long (5) . In the case of the blood, comparisons were made between the concentrations before and after the exercise. In the case of the urine, the rate of lactic acid excretion before the exercise was determined, and the subsequent excess above the resting rate was attributed to the exercise. Blood specimens were drawn into a syringe moistened with a saturated solution of potassium fluoride. In drawing the blood the veins were temporarily obstructed, for we were unable to confirm the observation of Mendel, Engel and Goldscheider (6) that venous stasis materially alters the concentration of lactic acid in the blood drawn.
The experiments on A. W. H. and J. K. L. were performed in the morning after the usual breakfast; those on M. S. L. before breakfast. No attempt was made to alter the usual daily activity of the subjects either before or after the exercise. J. K. L. is 27 years old, weight 64.8 to 65.9 kilos without coat and vest, height Preliminary experiments with A. W. H. showed that in order to produce an unmistakable rise in the urinary output of lactic acid considerable exercise was necessary. Climbing they treadmill for five minutes without load or climbing for one minute with a load of 45 pounds caused no definite alteration in the lactic acid of the urine. On the other hand when thirty pounds were carried up the treadmill for five minutes at an average of 80 or more steps per minute, or when 45 pounds were carried for three minutes, there was uniformly a considerable increase in the concentration in the blood and in the urinary output of lactic acid. For this reason we first adopted the exercise of carrying 30 pounds up the treadmill for five minutes as that with which to test the effect of breathing oxygen-enriched air upon the lactic acid in the blood and urine.
The inhalation of oxygen-enriched air during this fairly strenuous exercise produced subjective sensations of less effort, less shortness of breath and less fatigue. Objectively, as Briggs (3) has shown, the volume of air breathed was less (table 1).
The increases of lactic acid in the blood and urine produced by this exercise are shown in table 1. Of the three subjects J. K. L. showed a much greater rise of lactic acid in the urine. This was probably due to his being unaccustomed to this particular exercise, for the experiment of March 18, 1925, was the first that he had performed on the treadmill, whereas A. W. H. had climbed the steps on many previous occasions. Table 1 shows how J. K. L.'s output of lactic acid in the urine decreased as he repeated the exercise. By regular exercise he subsequently reduced his lactic acid output to a low level (12) . The inhalation of oxygen-enriched air during this exercise produced a definite increase in the blood level and in the urinary elimination of lactic acid.
We have stated that in preliminary experiments no definite increase in the urinary output of lactic acid could be demonstrated after walking up the treadmill for five minutes without a load. Nevertheless a slight though definite increase occurred in the blood lactic acid after this exercise (table 2) . This increase was lessened by inhalation of oxygen, as were also the minute volumes of the respiration. These observations indicate that exercise may increase the blood lactic acid as determined by the Clausen method without appreciably influencing the urinary output. Inspection of our lactic acid determinations in table 2 indicates that if the lactic acid in blood specimens taken from three to five minutes after exercise was less than 30 mgm. per 100 cc. no excess appeared in the urine, whereas if the lactic acid in the blood exceeded 40 mgm. urinary excesses appeared. Apparently then an excess of lactic acid in the urine cannot be demonstrated after exercise unless the level in the blood, by the method that we used, has been considerably increased over the normal level. The urinary output began to increase when the blood figures lay between 30 and 40 mgm. of lactic acid per 100 cc. of blood. We do not wish to insist upon the absolute value of these figures because the Clausen method probably determines substances other than lactic acid both in the blood and urine. But the evidence indicates that the concentration of lactic acid or related compounds in the blood may be definitely raised as a result of exercise without a demonstrable change in their excretion in the urine. It appears, therefore, that blood studies are better suited than urinary studies to show lesser changes in the lactic acid metabolism after exercise.
EFFECT ON PULMONARY VENTILATION
The inhalation of oxygen-enriched air during the exercise that we have employed lessened the subjective sense of dyspnea during and immediately after the exercise. Objectively the minute volumes of respiration were reduced and the concentrations of carbon dioxide in the expired air were increased. These changes were observed both in the experiments which caused lactic acid excesses to appear in the urine (table 1) and in those which caused no demonstrable change in the lactic acid content of the urine (table 2) . We found, then, in complete accord with the experiments of Briggs (3) that oxygen inhalations lessen the pulmonary ventilation during exercise, at least in untrained individuals. This occurs even when the exercise used does not increase the urinary output of lactic acid. 
DISCUSSION
In our experiments the inhalation of oxygen-enriched air while carrying a 30-pound load for five minutes up a treadmill lessened the subjective discomfort, reduced the pulmonary ventilation, lessened the concentration of lactic acid in the blood and diminished its output in the urine. In similar experiments without a load the respiratory effects of oxygen inhalations were similar, and the blood showed less increase when oxygen was breathed. The latter exercises, however, were not sufficient to produce a demonstrable increase in the urinary output of lactic acid even when air was breathed, probably because the blood increase was not sufficient to exceed the kidney threshold.
How do oxygen inhalations lessen the hyperpnea of muscular exercise? Douglas and Haldane (1) found that some factor or factors other than increased carbon dioxide tension contributed to the production of the hyperpnea of strenuous muscular exercise. In his discussion of these other factors Haldane (2) concluded that where an increase of lactic acid appeared in the urine this acid played a r6le in producing the hyperpnea. He pointed out, however, that in less strenuous exercise no excess of lactic acid appears in the urine and that here also the hyperpnea is lessened by oxygen inhalations. Haldane, therefore, concluded that the hyperpnea of exercise is in part due to an anoxemia which acts upon the respiratory center in a manner comparable to the anoxemia of high altitudes.
It seems probable that inhalations of oxygen produce their effect by increasing the amount and tension of oxygen in the arterial blood and by supplying more oxygen to the body. But the relief of exercise hyperpnea by oxygen is not comparable to the relief of high altitude hyperpnea by oxygen. At high altitudes there is definite arterial anoxemia, whereas Himwich and Barr (7) on man, in agreement with the animal experiments of Geppert and Zuntz (8) and Hastings (9) found no arterial anoxemia during and after vigorous exercise at sea level. On the contrary such exercise raised the oxygen saturation of arterial blood somewhat above the resting level. A fall in the oxygen saturation apparently occurs only as a result of prolonged and exhausting exercise (Harrop (10), Himwich and Barr (7) ). There is then no reason to assume that an arterial anoxemia exists during moderately strenuous exercises such as we employed. Barr and Himwich (11) using exercises of approximately the same severity as ours found no fall in the oxygen saturation of arterial blood even though the lactic acid concentration in the blood was increased.
The absence of an arterial anoxemia during moderately strenuous exercise does not preclude an oxygen shortage in the active tissues which may be lessened by oxygen inhalations. During exercise the utilization of oxygen by the heart and by the active voluntary muscles is extraordinarily rapid and the supply of oxygen can be maintained only by a much more rapid rate of blood flow through the active tissues. If the necessary blood flow is not maintained, an oxygen shortage might readily appear in these tissues even though the arterial blood is well saturated with oxygen. The inhalation of oxygen during exercise may increase the oxygen supply to the active muscles in two ways: first by raising the oxygen saturation of arterial blood and second by enabling the heart through this better oxygen supply to maintain a more rapid circulation. Thus as a result of oxygen inhalations the active muscles may receive both a better quality and a greater quantity of blood.
The oxygen utilized by the muscles during exercise serves to remove lactic acid which has been formed during the period of contraction (A. V. Hill (13); Meyerhof (14) ). An inadequate removal of this lactic acid leads to its accumulation in the muscles and to its escape into the blood and the urine. We have shown that the concentration of the lactic acid in the blood and the escape of lactic acid in the urine during strenuous muscular exercise are both lessened by oxygen inhalations. This lessened accumulation of lactic acid in the body would lessen the pulmonary ventilation, for the accumulation produces an acidosis which stimulates the respiratory center to increased activity. We have seen that oxygen inhalations may also lessen the pulmonary ventilation during exercises which are not sufficiently strenuous to increase the output of lactic acid in the urine. Since a certain amount of lactic acid is always formed in the muscles as a result of exercise it seems probable that the inhalation of oxygen under these circumstances influences the respiration through lessening the accumulation of acid in the muscles and the consequent change in the acid-base equilibrium of the body.
